We analyze the collective buckling of a row of rigid beams with their lower ends built into an elastic substrate. The beams interact among themselves through the deformation of the substrate. The present analysis is more sophisticated than previous ones in that the lower ends of the beams are allowed to move vertically and horizontally, in addition to rotation. From the linear theory of elasticity and rigid body statics, an eigenvalue problem is formulated and solved. Calculations showed that periodic deformations resulted atop the compliant substrate after restrictions on the beam base displacements were released. Consequently, the refined model found good match with the height measurements from Atomic Force Microscope (AFM). Our work suggests that both the compliant substrate and the interaction of neighboring beams through the deformation of the substrate dominate the collective buckling. Furthermore, these results contribute toward the understanding, design and application of soft nanostructures produced by soft lithography in a variety of fields.
Introduction
Periodic arrays of 100 nm thick and wide beams and walls composed of elastic polymers can be manufactured on a surface of the same material by soft lithography [Xia and Whitesides 1998 ], nanoimprint lithography [Chou et al. 1995; 1996] and other techniques. Thermal, electrical or magnetic features can also be added to the structures [Liu et al. 2010 ] such that they are useful in a variety of fields like optical gratings, sensor arrays, actuators, and nanofabrication. Due to the deformability of the soft structures and the substrates, structural instability is a common issue in soft lithography. This results in buckling or collapsing of the structures [Xia and Whitesides 1998; Chou et al. 1995; 1996; Delamarche et al. 1997; Schmid and Michel 2000; Evans et al. 2007] , which seriously affects their functionality and limits their applications.
The buckling of soft nanostructures has aspects that are different from conventional structural engineering and it has recently caught wider attention. What is unique is that the substrate of the structures is very compliant so that neighboring structures interact through the deformation of the substrate. The results from the buckling analysis in conventional structural engineering are usually for a single beam [Greenhill 1881; Timoshenko 1936] . Some of the structural engineering results are relevant for the buckling of soft nanostructures, e.g., the buckling of a beam under its own weight [Greenhill 1881] ; the buckling of a beam resting on an elastic foundation [Timoshenko 1936] ; and the lateral torsional buckling of a high aspect ratio beam [Alfutov 2000 ]. The results from structural engineering on the buckling of elastic beams were used in [Hui et al. 2002] for the buckling of a single beam and the contact of two beams on a buckled surface in soft lithography, but the substrate deformation and the beam interaction Keywords: buckling, nanostructures, beams, soft lithography. through the substrate were not considered. Therefore the results in [Hui et al. 2002] can only provide limited understanding of the situation.
A major progress in the buckling analysis of periodic soft nanostructures was made in our recent work [Lin et al. 2007 ]. Due to the inclusion of the most basic and important mechanism into our theoretical model, i.e., neighboring beams interact through the deformation of the substrate, we were able to describe the most basic collective buckling behavior of the soft structures and obtain results qualitatively matching experimental findings. The model in [Lin et al. 2007 ] was later generalized and applied to the case of a two-dimensional array of rigid beams on an elastic foundation [Chen et al. 2008 ], a nonuniform onedimensional array of rigid beams , and a one-dimensional array of elastic beams [Feng and Li 2009; .
In [Lin et al. 2007; Chen et al. 2008; Feng and Li 2009; , the beam bottoms in the substrate were allowed to rotate which is the major deformation, but their vertical and horizontal displacements were neglected. While this could describe the collective buckling of beam arrays, the restriction on beam bottom displacements renders the system too stiff. Therefore there remains an issue on the effect of horizontal and vertical displacements of the beam bottoms.
In this paper we generalize the analysis in [Lin et al. 2007 ] by removing the restrictions on the beam bottom displacements. The bottoms of the beams can move in both horizontal and vertical directions. The results show periodic deformations atop the compliant substrate and such behaviors closely match with the experimental evidence.
Mechanics model
Consider the structure shown in Figure 1 , which consists of an array of rigid beams on an elastic substrate. Each beam represents the cross section of a wall that extends uniformly in the direction perpendicular to the plane of the paper. There is no displacement and no variation in this direction. A unit thickness of the structure in the direction perpendicular to the paper is taken. We have a so-called plane-strain problem in elasticity. Weight has often been considered as the cause of buckling [Hui et al. 2002; Sharp et al. 2004] . Other effects including van der Waals, Coulomb, or capillary forces could also contribute to the situation [Evans et al. 2007; Chuang et al. 2005; Hsia et al. 2005 ]. We will consider weight below as the
Rigid beams Elastic substrate 2a Figure 1 . A system of rigid beams on an elastic substrate. only load and the substrate deformability as the only interaction. Effectively other possible forces either modify the load or the interaction coefficients in our model. The weight of the beams is considered as the resultant of a uniformly distributed load. The intensity of the load is given by q per unit length of the beams. Let the height and width of the beams be h and 2a, and the spacing between the center lines of two neighboring beams be b (see Figure 1) . We have q = ρg2a. The weight W = ρg2ah acts at the center of the beam. The beams are assumed to be rigid, as in [Lin et al. 2007; Chen et al. 2008; . In contrast with these works (and also with [Feng and Li 2009] and [Lin et al. 2010] ), here we allow the bottoms of the beams to move in both the horizontal and vertical directions, in addition to rotation. The substrate is modeled as an elastic half-space. For the bottom of a typical beam, with index i, let the vertical and horizontal displacements be u i and v i , the vertical and horizontal forces P i and F i , the rotation ϕ i , and the moment M i (see Figure 2 ).
For simplicity we construct the two vectors
whose components are shown in Figure 2 . Within the linear theory of elasticity, by superposition, we can write
where the A i j are 3 × 3 matrices whose columns representing the substrate deformation at the i-th location due to a unit load at the j-th location only, the loads at all other locations being zero. The A i j can be derived from the theory of elasticity; see the Appendix. Equation (2) can be inverted to yield
where the columns of B i j represent the load at the i-th location due to a unit deformation at the j-th location only, the deformations at all other locations being zero. In (3) and (4) we have made an approximation by considering interactions between a beam and its two immediate neighbors, which is known to be accurate enough for what we are interested . Long distance interactions among nonneighboring beams are neglected. When the i-th beam buckles, its free body diagram is shown in Figure 3 , where the vertical load W and the corresponding vertical reaction with the same magnitude exist in both the unbuckled and buckled states. The rest are possible additional loads due to buckling. The equilibrium of the beam requires that
Equations (4) 1 and (4) 2 say that the additional horizontal and vertical forces due to buckling are zero, while (4) 3 is the moment equation about the bottom of the beam. In (4), [B i j ] 11 represents the (1,1) element of the 3 × 3 matrix B i j , and the rest are similar. In (4) we have a system of linear homogeneous equations. The trivial solution with all u i = 0 is the unbuckled state. We are interested in nontrivial solutions of (4) representing buckled states. Then (4) is an eigenvalue problem. We look for values of W h/2 corresponding to which nontrivial solutions of u i exist.
Numerical results and discussion
As an example, we still consider the same twenty beams as in [Lin et al. 2007 ] with the same geometric and material parameters. The system (4) is solved numerically on a computer. Within three significant digits, the numerical results for the eigenvalues W h/2 are those in Table 1 . They are the same as those in [Lin et al. 2007 ], where the beam bottom horizontal and vertical displacements were not allowed.
8.96 9.00 9.05 9.13 9.23 9.34 9.48 9.63 9.80 9.98 10.16 10.36 10.55 10.74 10.92 11.08 11.23 11.35 11.43 11.49 Table 1 . Numerically calculated eigenvalues W h/2 for the 20-beam system, in nN.
The buckled states determined from the eigenvectors are different from the previous analysis and are shown in Figure 4 , left, where they are also ranked according to the magnitude of the eigenvalues. Even though the buckled states near the bottom and top of the figure have a one-to-one correspondence with the results of [Lin et al. 2007] , the ones near the middle of the figure differ from the corresponding ones in that reference by having both rotation rearrangements and surface deformations. The latter change is the new finding by relaxing restrictions on displacement of beam bases. We enlarged the calculated surface topographies in Figure 4 , right, to view the details of such change. Among the twenty instability modes, all the substrates have a periodic, wave-like feature where topography fluctuates between landmarks like hilltops and valleys. The periodicity of the fluctuation gradually increases from 400 nm in mode #1 to more than 4000 nm in mode #20. In contrast, amplitude variance is more complex. Figure 5 , left, indicates the contrast between two fluctuating surfaces with minimum and maximum amplitudes, where a 6-fold difference in the magnitude of the amplitude is observed between mode #13 and #1. Qualitatively, this proves that more energy is needed to cause instability such as in mode #13.
In Figure 5 , right, we superposed beam locations atop the fluctuating surface topographies. It is clear that the multibeam-like buckling feature is mostly concentrated in valleys. In other words, the beams having a larger tendency to rotate will result in more significant displacements on bases, giving rise to noticeable up-or downhill portions in topography. More interestingly, since the buckled features To give us a visual picture of the buckling in soft nanostructures, we used the easy-to-perform process of embossing/imprinting lithography [Chou et al. 1996; Xia and Whitesides 1998 ] and created periodic nanostructures atop an elastic poly(dimethylsiloxane) (PDMS) substrate. The soft nanostructure was formed by spin-coating the PDMS precursor mixture on a rigid mold and baking at an elevated temperature for an extended period of time. To obtain a uniform pattern on PDMS, it is necessary to treat the rigid mold (Si or SiO 2 with grating lines with a pitch size of 200 nm, a linewidth of 100 nm and a depth of 150 nm) with O 2 plasma, followed by a perfluorosilane treatment in toluene (0.2 M, 5 min). The soft nature of the PDMS material, plus the high aspect ratio of the copied nanostructures from the mold, suggest an appearance of collective buckling, as we mentioned before.
We used atomic force microscopy (AFM) to evaluate the topography of the buckled lines. The advantages of AFM are that it is a high-resolution imaging tool, which allows us to survey the overall buckling of soft structures at the nanometer scale; and that the noncontact nature of the AFM tapping mode eliminates any contact forces between the tip and the underlying nanostructure. Figure 6 , left, shows the topography of the rigid stamp with one-dimensional grating features. The resulting PDMS copies show extensive surface buckling features, displayed in by Figure 6 , middle, where both multibeam and multimode buckling phenomena are in evidence, and which we discuss in more detail shortly.
The first case of instability in Figure 4 (mode #1, two-beam pairing) has been observed by several researchers [Delamarche et al. 1997; Xia and Whitesides 1998; Hui et al. 2002; Chuang et al. 2005] during nanofabrication, and is often used as a classic picture for nanostructure buckling. In those findings, a rigid substrate backing or a thick PDMS sample are often selected to limit large deformation to the stamp material [Schmid and Michel 2000] , so minimum energy impact is ensured for the occurrence of pairing. In contrast, when no precautions are taken with the stamp material or when substantial deformation occurs in the nanostructuring process, multibeam buckling modes at higher energy levels should be expected; the fluctuation of those energy impacts could even generate multiple buckling modes. We saw a good match of these predictions in our experimental data, as exemplified in Figure 6 . For example, selected areas of Figure 6 , middle, match with predicted buckling modes #12 and #13; these modes are sketched underneath the corresponding areas in the figure. A branching angle of 45 • between the two neighboring buckling modes suggests a shear or rotation nature of these impacts, validating our approximation of buckling in elastic beams with rotation of rigid ones.
In Figure 6 , top right, we see the cursor plot of AFM measurements for one of the buckling features, indicating a depth value of 128-132 nm for those landmarks. We saw a mismatch between this number with our previous analysis in [Lin et al. 2007] . When the restriction on beam displacements is not released, as in that earlier reference, the feature depth in buckled beams is expected to depend mainly on the rotation of beams. When minimal rotation is assumed, the depth should be close to the depth of the rigid mold (h = 150 nm).
The middle portion of Figure 6 , right, illustrates the buckled beams in such a condition, where beams are resting on a flat ground and the height difference, i.e., 140-145 nm, between the top center of the multibeam and the open area is calculated. Clearly, our experimental data suggest otherwise; and the number obtained is more than 13% smaller than what we have estimated. While difficult to explain from our previous modeling results in [Lin et al. 2007 ], this could be justified by taking beam displacements into consideration. 
Conclusion
A mechanical model is developed for analyzing the collective buckling of an array of beams on an elastic substrate; it includes the refinement of allowing the bottom of the beams to move both horizontally and vertically, as well as rotating. Numerical results from the model show that periodic surface deformations resulted atop the compliant substrate, which found a better match with the height measurements from AFM. Our work suggests that both the compliant substrate and the interaction of neighboring structures through the deformation of the substrate dominate the collective buckling. This makes the buckling of periodic soft nanostructures unique and different from conventional structural engineering.
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Appendix: Calculation of A i j
First consider the case of a vertical load on a half-space in plane-strain elasticity (see Figure 7) . The stress and displacement fields are given in [Timoshenko and Goodier 1970] :
1 2 In obtaining (5)- (7), the following conditions are imposed at θ = 0 and r = d for determining the displacement field uniquely:
The value of d serves as a common reference point. From (5)- (7) we calculate
Next consider the case of a tangential load (see Figure 8 ). The stress field is given in [Timoshenko and Goodier 1970] , and can be integrated to obtain the displacement field:
1 2 
The last case is shown in Figure 9 . The stress field is given in [Timoshenko and Goodier 1970] , and can be integrated to obtain the displacement field: σ r = 2M π sin 2θ r 2 , σ θ = 0, τ r θ = − M π 1 + cos 2θ r 2 , For plane-strain problems the following change in material constants is needed:
These fields and interaction coefficients are for beams on a semi-infinite half space. In reality the soft beams are built on a plate with a finite thickness. To compensate for the effect of the finite plate thickness, when comparing with experimental results, we varied d in the above equations and finally chose d = 1000a in our calculations for best agreement with experimental results.
